We have modified the cranial fixation technique of the reference array used for the Stealth (Medtronics Inc., Minneapolis, MN) image guided neurosurgical workstation to avoid rigid immobilization and to accommodate patients undergoing awake procedures. The modification allows attachment of a reference array directly to the skull prior to registration, avoiding the requirement for rigid cranial fixation. The accuracy of fiducial registration for the modified reference array was compared to the conventional reference array using a phantom system yielding similar registration results and target accuracy. The successful application of the modified system to two operative cases is described.
Introduction
Intra-operative image guidance and computer assisted preoperative image planning has become increasingly common in neurosurgical procedures (1). Interactive preoperative imaging and intraoperative tracking improve the planning of surgical procedures and allow a more direct approach to intracranial targets with minimal exposure (2, 3, 5) .
Most current neurosurgical image guided procedures require rigid cranial fixation, often in a Mayfield three-pinned head clamp (1, 2) . For awake craniotomies, prolonged immobilization can be uncomfortable. In addition, surgeons performing skull base procedures often prefer more flexibility in head position during the procedure and prefer to avoid rigid cranial fixation. As our experience with image guided surgical technique evolved, it became apparent that some flexibility in the reference array attachment was preferable during selected procedures including awake craniotomies and skull base procedures.
The purpose of this report is to describe a modification that allows direct cranial fixation of an image guided reference array to better accommodate these surgical situations.
Methods

Image-guided Neurosurgical Procedures
The technique most commonly employed to interface preoperatively obtained magnetic resonance and computed tomographic images with intraoperative localization for intracranial neurosurgical procedures requires the localization of reference points (or fiducials) on both the image and on the patient, and the abil-Timothy C. Ryken, M.D. John W. Haller, Ph.D.
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Iowa City, Iowa 52242, USA ity to track both the target and surgical instruments in threedimensional space. To accomplish this, the skull is commonly fixed in place and attached to a reference arc containing a series of infrared emitting light sources that can be tracked with an infrared detecting camera. Other instruments can be introduced into this image-space and tracked as long they have either passive or active light emitting sources and have been registered with the system. A major limitation of this technique is the requirement of rigid fixation of the head to allow attachment of the reference arc. A technique to modify this process is the focus of this report.
Modification of Fixation Device
The modified fixation system utilizes the reference array from the Stealth Spinal navigation system (Medtronics, Minneapolis, MN). The tripod attachment (SNT part 960-323-2925) of the spinal reference array was combined with a self-tapping blunt tip screw (3/16-inch stainless steel stock with 20 turns per inch) by removing the tripod shaped plate of the original device and silver soldering the screw stock to the base. The placement of this device into the cranium requires a pilot hole to be placed with a #8 (5 mm) 3-fluted solid carbide drill bit. Although we have not encountered a problem to date, consideration should be given to fitting the drill bit with an adjustable depth stop to avoid over penetration or "plunging" (See Figure 1) . The cost to modify the system was $28 (US).
Phantom Reference Array Accuracy Comparison
Because the spinal type array was substituted for the cranial array, we felt it was important to first confirm the registration accuracy using the two fixation systems in a phantom registration model. Using a rapid prototype plastic head phantom with fixed targets, a volumetric computed tomograph was obtained and registered using surface fiducial markers. The head phantom was registered first with the standard cranial fixation arc and a series of targets localized. The distance between the predicted location of the target and the actual location was recorded for each of the targets. The process was then repeated using the spinal reference array and the results were compared. The results are summarized below.
Operating Room Setup
The use of direct cranial fixation for the dynamic reference array required an alteration in the operating room procedure. Rather than placing the patient in a Mayfield headrest and attaching the adapting rods to allow attachment of a cranial reference arc, a technique similar to the placement of intracranial pressure monitors was utilized. A pilot hole was drilled in the skull using a sterilized #8 (5 mm) 3-fluted solid carbide drill bit attached to a standard hand held drill through a small incision. The modified self-tapping assembly described above was affixed into place and the spinal reference array attached (Figure 2) . Preoperative registration proceeded as usual. The attachment between the modified screw fixed to the skull and the reference array utilizes a square adaptor that assures reseating in the same position when the A) The modified cranial fixation attachment is shown alongside a standard drill bit. Obviously care must be taken when drilling the hole in the cranium to avoid over penetration. In our experience it has been necessary to completely penetrate the inner layer of the cortical bone to allow sufficient purchase of the device to achieve rigid fixation. The drill bit can be fixed with a plastic collar to act as a "depth-stop" to avoid over penetration.
B) The three parts of the fixation system are shown. Only the portion attaching directly to the skull requires modification. The other equipment is routinely available on the Stealth Spinal Fixation System.
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reference array is removed for operative sterile preparation, and then is returned after sterilization to the operative field.
Results
Phantom Reference Array Accuracy Comparison
The registration accuracy of two dynamic referencing techniques was compared: one requiring cranial fixation and one allowing the patient to be manipulated during the surgical procedure by fixing the dynamic reference frame directly to the skull near the surgical site in a model system. Both systems were registered using the same skin based fiducial markers. The fiducial marker registration accuracy of the two systems was 1.1 and 1.2 mm, respectively. This registration accuracy is reported by the Stealth Station software and is an indication of the comparability of the mathematical model represented by the registration points in the preoperative image versus the mathematical model represented by the actual patient registration points. The number reported is a vector difference between the theoretic centers of the two volume spaces. While it does not indicate in which plane the inaccuracy is occurring, it is an indication of how well the two data sets correspond. Typically registration accuracies under 2 to 3 mm are more than sufficient for most neurosurgical procedures. Five target points were localized three times each for both systems with an overall accuracy of 1.6 mm (range 0.9-2.4) versus 1.8 mm (range 0.3 -2.3) for the standard cranial fixation system and the modified system, respectively (Two-tailed t-test p >0.05). Thus, there was no A) The modified screw assembly is shown placed in the right frontal region though a small incision.
B) The patient is shown comfortably positioned for the registration process without the requirement of a Mayfield headrest and with the reference array firmly affixed in place.
C) Depending on the location of the craniotomy, the modified system can be placed conveniently out of the surgical field. Note the ease of approach to the surgical field despite the reference array to the right of the operative field.
A B C significant difference in accuracy between the smaller dynamic reference array affixed directly to the skull and the system that requires rigid cranial fixation.
Clinical Comparison
The system was then applied to two consecutive operative cases. In the first case the standard reference arc was attached to a Mayfield headrest in addition to the smaller array fixed directly to the skull using the modified technique. This allowed both systems to be registered simultaneously and to check for significant differences in fiducial marker registration. In the second case, an awake tumor resection was planned and the modified direct cranial fixation system was utilized alone.
Case 1 -A 67 year old man undergoing craniotomy for metastatic tumor using image guidance was selected as the initial case. Using standard image guidance (Mayfield headrest and general anesthesia) and the direct fixation array, registration was performed for both reference arrays with fiducial registration accuracies of 2.2 and 2.0, respectively. Both preoperative planning and intraoperative image guidance proceeded using the modified system only. This allowed identification and resection of the lesion.
Case 2 -A 53 year old man undergoing a second craniotomy for a recurrent left frontal glioma near the motor cortex was prepared for an awake craniotomy. Image guidance was elected to assist with preoperative tumor mapping and allowed the incorporation of functional magnetic resonance imaging data into the pre-surgical planning. Based on our previous experience, only the direct fixation technique was used for this procedure with a registration accuracy of 1.8 mm. See Figure 2 . The modified system allowed excellent preoperative and intraoperative localization of the tumor and adjacent anatomical structures.
Discussion
The development of image-guided neurosurgery using optical tracking has enhanced the ability of the surgeon to localize intracranial targets with minimally invasive techniques (2, 4, 6) . Optical tracking technology permits real-time, dynamically referenced localization of patient anatomy and surgical instruments. A limitation of this technique has been the requirement for cranial fixation with a Mayfield head holder. The Mayfield head holder and large reference arc limits the surgeons ability to manipulate the patient during the procedure. As described in this report, the use of a smaller reference array attached directly to the skull allows the patients head to be easily and frequently repositioned and still be continuously tracked by the infrared system.
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